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Introduction
============

Brain microvascular endothelial cells (BMEC) form monolayers that are an integral part of the highly specialized blood-brain-barrier (BBB). BMECs are interconnected by junctional proteins attached to a basement membrane. Together with pericytes, smooth muscle cells, astrocytic end feet and circulating blood cells they build up the so-called neurovascular unit (NVU)^1^. Against the previous notion of an impermeable barrier between blood and the central-nervous-system (CNS), the NVU is a dynamic, highly specific and regulated interface that controls the transition of fluids, molecules and cells between cerebral blood vessels and the CNS^2^. A dysfunction or dysregulation of the NVU may initiate and/or contribute to a variety of neurovascular, infectious, inflammatory or degenerative diseases of the CNS, such as ischemic stroke, HIV-encephalopathy, multiple sclerosis, Alzheimer's or Parkinson's disease^3-6^.

The BMEC monolayer is tightly sealed by a junctional complex constituted of tight (TJ) and adherens junctions (AJ)^7^. The high electrical resistance and the low paracellular permeability of the BBB are mainly based on TJ proteins^8^. The TJs are complexes formed by the transmembrane proteins of the claudin and occludin family, which are linked to the cytoskeleton of the endothelial cells by adapter molecules, such as the zonulaoccludens (ZO) proteins ZO1-3^4^. Adherens junctions are mainly assembled by the integral membrane protein vascular endothelial (VE)-cadherin, which is linked to the cytoskeleton via catenins^8^.

The tight sealing of the BBB prevents the free exchange of substrates and cells between blood and CSF. Exceptions to this rule are lipophilic, small molecules with a molecular weight \<400 Da, which are able to cross the BBB by lipid-mediated diffusion^9^. The passage of larger and/or hydrophilic molecules, such as glucose, amino acids, peptides, proteins and many drugs is restricted to highly controlled transcellular transport systems^10^, which can be classified into five main categories: carrier-mediated transport, ion transport, active efflux transport, receptor-mediated transport, and caveolae-mediated transport^4^. These transporter systems help maintaining the homeostasis of the CNS, which is required for an accurate signal generation, transduction and integration. Moreover, BMECs are able to actively control the transition of distinct molecules by the expression of a variety of ectoenzymes. These enzymes are localized on the cell surface and modify specific endogenous and exogenous substrates hindering or allowing the transition of the BBB^11^.

Whereas the CNS was considered as an immune-privileged organ for a long-time, recent findings suggest a rather dynamic and tightly regulated system of immune surveillance of the CNS. The BMECs are critically involved in the regulation of immune cell transmigration. By the expression of selectins on their surface lymphocytes are selectively induced to loosely attach to the endothelium. The secretion of chemokines that encounter with specific receptors on leukocytes leads to the expression or conformational changes of leukocyte integrins, such as LFA-1 (lymphocyte function associated antigen-1) and VLA-4 (very late antigen-4). The integrins mediate a firm adhesion by binding their endothelial counterreceptors, *e.g.* VCAM-I (vascular cell adhesion molecule), ICAM-I (intercellular adhesion molecule) enabling the transmigration into the brain parenchyma between or through BMECs of the BBB^12-14^. These and other findings underline the active role of the endothelium itself in regulating immune cell migration.

Furthermore, BMECs as part of the NVU are involved in the regulation of the cerebral blood flow linked to local neuronal metabolic demands. Upon astrocytic stimulation endothelial cells produce vasoactive substances such as nitric oxide leading to relaxation of vascular smooth muscle cells^15^.

Angiogenesis and neurogenesis in the developing as well as in the adult brain show parallel patterning and development and share many properties of regulation^1,4^. Endothelial cells are critically involved in these processes^16,17^.

In summary, BMECs provide essential features to warrant a proper development and functioning of the CNS. BBB dysfunction is linked to many severe neurologic disorders. However, only very few targets have been identified at the brain-vasculature interface for a specific and efficient treatment^18^. Simplified*in vitro*models have been used to understand the mechanisms involved in function and regulation of complex physiologic systems for a long time. The isolation as described by this manuscript and the *in vitro* study of murine BMECs, given the wide variety of specific mouse knockout-strains, might provide a further understanding of BBB function and regulation under physiological and pathophysiological conditions opening up new therapeutic avenues.

Protocol
========

All animal experiments were approved by the local authorities ("LandesamtfürNatur, Umwelt und Verbraucherschutz NRW; Fachbereich 87, Tiergesundheit, Tierschutz; Recklinghausen, Germany") and conducted according to the German law of animal protection.

1. General Comments for Mouse Experiments
-----------------------------------------

1.  Perform all experiments using mice in accordance with the guidelines of the respective Institutional Animal Care and Use Committee.

2.  Keep the mice under pathogen-free conditions and enable them to have access to food and water ad libitum.

3.  Use age- and sex-matched mice in experimental groups because biological properties can vary with age and gender.

4.  Whenever possible try to reduce, refine or replace animal experiments.

2. Preparation of the Percoll Gradient
--------------------------------------

1.  Mix 19 ml of 1x PBS with 1 ml 10x PBS, 1 ml FCS and 10 ml Percoll.

2.  Perform sterile filtration in a glass tube (diameter of filter pores: 0.2 µm). Afterwards store the solution at 4 °C.

3. Preparation of Endothelium Cell Medium and Coating of Cell Culture Plates
----------------------------------------------------------------------------

1.  Endothelial cell medium: Preparation of 500 ml medium: Mix 400 ml DMEM medium (approx. 80%) with 100 ml PDS (approx. 20%), 0.25 ml bFgF (20 µg/ml; approx. 0.05%), 0.5 ml heparin (100 µl/ml; approx. 0.1%) and 0.5 ml pyrumycin (4 mg/ml; approx. 0.1%). Add pyrumycin only for cell culture medium used in the first 2 days of culture.Perform sterile filtration in a glass tube (diameter of filter pores: 0.2 µm). Afterwards store the solution at 4 °C.

2.  Coating of cell culture plates: For 1 ml of coating solution, prepare a solution of 500 µl ddH~2~O, 400 µl collagen IV (0.4 mg/ml) and 100 µl fibronectin (0.1 mg/ml).Cover the whole surface of each well of the cell culture plate with the coating solution. Store the plate at 4 °C overnight.

4. Isolation of Murine Brain Microvascular endothelial cells (MBMEC)
--------------------------------------------------------------------

1.  Sacrifice 10 adult mice (8 - 12 weeks old, C57BL/6) by cervical dislocation. Afterwards isolate the mouse-brains and store in 5 ml of PBS (Caveat: Work sterile!).

2.  Remove brain stems, cerebella and thalami with a forceps. Detach meninges by carefully rolling the brains on a sterile blotting paper. Collect the resulting meninges-free forebrains.

3.  Transfer the brains to a 50 ml Falcon tube filled with 13.5 ml of DMEM.

4.  Mince the tissue, first with a 25 ml pipette, then with a 10 ml pipette until the media becomes milky.

5.  Then digest the tissue with a mixture of 0.6 ml collagenase CLS2 (10 mg/ml in DMEM) and 0.2 ml DNAse (1 mg/ml in PBS) in Dulbecco's Modified Eagle Medium (DMEM) for 1 hr at 37 °C on an orbital shaker at 180 rpm.

6.  Add 10 ml of DMEM added to the tissue suspension and centrifuge the cells at 1,000 x g for 10 min at 4 °C.

7.  Discard supernatant (Caveat: PELLET IS EASY TO LOSE!)

8.  To remove the myelin, resuspend the pellet with a 25 ml pipette in 25 ml of BSA-DMEM (20% w/v) (approx. 25 times), and centrifuge at 1,000 x g for 20 min at 4 °C.

9.  Discard the upper myelin layer (milky) with a broken glass Pasteur pipette with larger diameter, and then discard the BSA layer with a normal Pasteur pipette.

10. Resuspend the pellet in 9 ml DMEM and add 1 ml collagenase/dispase (final concentration is 1 mg/ml) and 0.1 ml DNAse. Digest the solution for 1 hr at 37 °C on an orbital shaker at 180 rpm (caveat: do not use the pipette to resuspend -- cells can be lost).

11. During the digestion, centrifuge the Percoll solution to set up the density gradient using an ultracentrifuge at 3,000 x g for 1 hr at 4 °C, with acceleration, without brake.

12. Add 10 ml of DMEM to the digested cell suspension. Centrifuge the suspension at 1,000 x g for 10 min at 4 °C. Then discard the supernatant and resuspend the pellet in 2 ml of DMEM.

13. Add the resuspended cells carefully on top of the Percoll gradient and centrifuge at 700 x g for 10 min at 4 °C without acceleration and brake. Note: The cells are visible as a cloud in the interphase.

14. Take approx. 12 ml of the interphase with cells with a long sterile needle and place it in a new 50 ml Falcon with 5 ml of DMEM.

15. Centrifuge the cells again at 1,000 x g for 10 min at 4 °C. Afterwards resuspend the pellet in endothelial cell medium (use approx. 0.2 ml of medium per 1 cm^2^ surface of cell culture plate).

16. Remove coating solution from coated cell culture plates (see **step 3.2**) and rinse every well with sterile PBS in two consecutive washing steps.

17. Maintain cell cultures in endothelial cell medium at 37 °C and 5% CO~2~in a sterile incubator. Change the medium every two to three days. Split cells at 90% confluence.

Representative Results
======================

Immediately after isolation, murine BMECs and contaminating cells form conglomerates floating in the cell culture medium (**Figure 1A**, day 0). The treatment with pyrumycin leads to a selection of murine BMECs since they express high levels of efflux transporters such as P-glycoprotein leading to a relative resistance to toxins. Contaminating cells are much more susceptible to pyrumycin mediated cytotoxicity^19^. During the process of pyrumicin selection, contaminating cells enter apoptotic or necrotic cell death, whereas MBMECs begin to attach to the collagen IV/fibronectin coated cell culture plates (**Figure 1A**, day 1 and day 2). Until day 5, the MBMECs proliferate to a density of approx. 80 - 90%. They are characterized by the typical spindle-shaped appearance. At confluence, they form a monolayer of tightly packed, longitudinally aligned and non-overlapping contact-inhibited cells (**Figure 1A**, day 5). By pyrumicin selection, a high purity of up to 99% MBMEC is reached as demonstrated by the endothelial cell marker CD31 (PECAM1; **Figure 1B**). The MBMECs form tightly sealed monolayers interconnected by tight junction proteins. After 7 - 8 days of culture, the endothelial cell layers build up stable values for electrical resistance (reaching typical values between 20 - 30 Ω x cm^2^) and capacitance (**Figure 1C**)~.~At this time-point functional assays such as cell-migration experiments^3,20,21^ and permeability tests, *e.g.* with Evans blue or Dextran, should be performed.

**Figure 1.Morphological and Functional Properties of Murine BMECs. (A)** Representative time course of cultured BMECs viewed by transmission light microscopy over 5 days. Scale bar applies for all images. **(B)** Immunofluorescence staining for the endothelial cell marker CD31 at day 5. CD31 (green) and DAPI (blue). **(C)** Cells were precultured for 5 days and then transferred to an automated system for the analysis of biophysical properties (resistance and capacitance). [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/52204/52204fig1highres.jpg)

Discussion
==========

Blood-brain-barrier dysfunction is a hallmark of various deleterious CNS diseases, *e.g.* a breakdown of the BBB in multiple sclerosis extensively facilitates the CNS invasion by autoreactive immune cells and enables the encounter and destruction of oligodendrocytes. In ischemic stroke the disruption of the BBB and the subsequent formation of brain edema are critical factors that influence secondary infarct growth and the overall survival of patients^6^. Furthermore, by alterations of the BBB in remote areas focal ischemic lesions are able to induce widespread functional alterations of the brain. However, the underlying molecular mechanisms are largely unknown^5^. In contrast, the high density and diversity of efflux transporters in functional BMECs reduces the concentration of beneficial drugs such as chemotherapeutics for brain malignancies or antibiotics for infectious diseases. Therefore, a deeper understanding of the blood-brain-barrier function under physiological and pathophysiological conditions is required to develop pharmacological agents that are able to specifically regulate the barrier function in the favored direction^21^. Reliable *in vitro* models of the BBB are indispensable tools to study the regulatory mechanisms at the BBB.

Many immortalized brain endothelial cell lines have been established and employed as *in vitro* BBB models^22^. These cell lines offer certain advantages over primary BMECs as they grow faster and keep certain BBB characteristics over several passages. However, endothelial cell lines cannot fully substitute for primary cells as important properties are changed that intermingle with the transferability of experimental findings to the *in vivo* situation. For instance, the murine brain endothelial cell line bEnd.5 expresses only low levels of discontinuously distributed tight junction proteins leading to high paracellular permeability^23^. BEnd.3, another frequently used murine brain endothelial cell line, demonstrates dense and continuous distributed tight junctions, a high transendothelial resistance, several efflux transporters and low paracellular permeability. However, bEND.3 cell layers compared to primary BMECs lack a real discrimination with respect to the permeation of certain transcellular and paracellular substrates^24^.

In preparations of primary cell cultures, contaminating cells can significantly interfere with the validity of experimental findings. In the described protocol, pyrumicin is used as a selective agent for endothelial cells to achieve high purity. Nevertheless, a regular quality control of the cell culture is inevitably needed to guarantee for reliable experiments. There are several methods for quality control, besides typical morphological properties of endothelial cells (see **Figure 1A**), the transendothelial resistance might be measured or the expression of endothelial cell marker such as CD31 (see **Figure 1B**) or von Willebrand factor (vWF) might be evaluated.

The number of brain endothelial cells isolated from one mouse brain is relatively low and to set up a proper cell culture for multiple experiments, the brains of several mice have to be pooled. In our experience, at least 10 mice need to be used for one experiment which might be a limiting factor depending on the resources of the respective animal facility. In order to avoid bias or confounding factors, only mice with an identical genetic and environmental background should be pooled. In contrast, bovine and porcine brain endothelial cell preparations provide a large number of brain endothelial cells available in one brain. However, besides the uncomplicated breeding and housing, the broad and ever increasing repertoire of available transgenic mice renders primary murine BMECs as an ideal model to study blood-brain-barrier function.

Several key findings concerning the functions of the BBB and the underlying molecular mechanisms have come from studies in 2D tissue culture systems. Recently, 3D culture systems have been developed^25^, where endothelial cells are placed within a collagen matrix enabling them to form lumen and tubular networks. These new cell culture systems allow for an even more accurate reproduction of vascular processes in the intact organism *in vivo*. The involvement of further cells of the NVU in 3D cell culture systems, such as pericytes and astrocytes might revolutionize the *in vitro* studying of blood-brain-barrier function; first models have recently been developed^26^.

There are some recommendations for troubleshooting. First of all sterile working is essential for the quality of the endothelial cell culture. Second, pyrumycin should only be added for cell culture medium used in the first 2 days of culture, longer application might lead to increased MBMEC cell death and low quality barrier function. Third, the enzymes applied in this protocol should be used and stored according to the manufacturer's instructions; otherwise their proper function might be compromised. Furthermore, the coating of cell culture plates might be amended if endothelial cells do not attach. Concentrations of fibronectin and collagen might be changed or other matrix proteins might be added to the coating solution. Lastly, age, gender, season of the year and environmental conditions within the animal facility are important factors that might influence the quality of MBMEC isolation and comparability of experiments. It should be ensured that conditions are comparable between independent experiments.

The described protocol should be considered as a basic neuroimmunological method to isolate murine BMECs. The isolated cells might be used for a wide variety of applications to gain further insight into BBB function, such as migration assays, gene and protein expression studies, electrophysiological evaluations or permeability experiments. As mentioned above, 3D cell culture systems of BMECs might provide new opportunities to study the complex mechanisms involved in the regulation of the BBB in the context of the NVU. Therefore, the isolation of primary endothelial cells will remain an invaluable technique in the field of BBB research in the future.
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